Abstract
Introduction
Stroke is the second leading cause of death worldwide since 2010, accounting for more than 11% of total mortality [1] . In the United States, stroke is the fifth leading cause of death and a major cause of long-term disability [1] . Treatment of stroke is dependent on a narrow therapeutic time window, as human nerve tissue is rapidly and irreversibly lost over time [2] . Early identification of acute ischemic stroke is vital in order to provide timely treatment through thrombolysis, which can improve clinical outcome and reduce resulting complications [2] . The only systemic, acute treatment for stroke that has been proven effective is recombinant tissue plasminogen activator (tPA), but its recommended window of use is within 3-4.5 h from stroke symptom onset [3, 4] . The efficacy of intravenous (IV) thrombolysis is a function of time; the earlier a patient is treated, the greater the likelihood he or she will have a good recovery [5] . Despite this knowledge, patients often arrive at a hospital too late to receive maximum treatment benefit from advanced stroke therapies; delay in hospital represents a major barrier to medical treatment [6] [7] [8] . The median time from symptom onset to a patient's hospital admission is between 3.5 and 14 h, although it is difficult to directly compare studies with different designs [7] [8] [9] [10] [11] [12] [13] [14] [15] . As such, less than 5% of stroke patients are treated by thrombolysis, even in centers specialized for stroke [16] .
Thrombolysis for ischemic stroke can only be performed after the possibility of a hemorrhage has been excluded by computed tomography (CT) imaging, and a CT scan without contrast is recommended in patients who have a suspected stroke within a 3-4.5 h time period [17, 18] . Since not all hospitals are able to provide CT scans 24 h per day, important time is lost transporting patients to CT-capable centers [17] . The convergence of emergency medical services (EMS), telemedicine, and mobile technology, including transportable CT scanners, has presented a unique opportunity to advance patient stroke care in the prehospital field by circumventing delay to hyperacute stroke treatment with a mobile stroke unit (MSU) [19] .
A MSU, also known as a stroke emergency mobile (STEMO) or mobile stroke treatment unit (MSTU), combines a specially trained team, conventional emergency equipment, telemedicine capabilities, a CT scanner, and diagnostic tools used to make an emergent decision for or against thrombolysis directly at the place where a patient is found (Fig. 1) [17] . This provides physicians the information and resources necessary to safely screen patients for IV tPA eligibility and initiate thrombolysis in the field, markedly curtailing symptom onset to treatment times by advancing acute stroke care in the prehospital field [17] . Hyperacute stroke workup at the scene can avoid transport delays, streamline procedures, and provide a highly specialized team ready for acute stroke diagnosis and treatment; implementation of these advances may lead to earlier stroke identification and shorten time to therapy [17, 19] . In this review, we provide a look at the evolution of the MSU into its current status, as well as future directions, through historical and implementation information, economic cost, and published clinical outcome and time metrics.
Results

History of the MSU
In 2003, Fassbender et al. [17] proposed the idea of a mobile unit for hyperacute stroke treatment to address the delay between stroke symptom onset, or last known well (LKW), and therapeutic intervention, to save important time lost by patient transfer to and within a hospital. Unlike a stationary stroke unit, the hypothesized MSU vehicle could carry diagnostic tools used to decide for or against thrombolysis at the site, in addition to conventional emergency equipment. At the time, this idea required unique technical innovations, all of which needed to remain within the normal limits of emergency vehicle dimensions, including a small, integrated CT scanner with an operation console and energy supply, a CT radiation shield, an optional laboratory unit, and a system to transmit CT information [17] .
Beginning in 2009, a randomized clinical trial by the Saarland University Hospital in Homburg, Germany evaluated the feasibility of this prehospital healthcare delivery system [20] . The first MSU, or "stroke ambulance," was successfully founded in 2010 in Homburg, Germany after a year of preparation [21] . The specialized ambulance, in addition to its conventional equipment, was outfitted with an accumulator-driven, lead-shielded CT, a telemedicine system, and a point-of-care laboratory system [20] . These components, which are necessary for making therapeutic decisions, still comprise modern MSUs.
Guideline-adherent and etiology-specific treatments for ischemic and hemorrhagic strokes in the prehospital phase of stroke management were demonstrated by two MSU cases in Homburg [22] . These examples showed that MSUs are capable of more than expediting acute ischemic stroke treatment. They may also use telemedicine to contact hospital experts, manage physiological variables, improve hospital transport decision-making, and facilitate and expedite emergent care for other neurological emergencies [22] .
The second MSU was launched in Berlin, Germany in July 2011 [23] . The Pre-Hospital Acute Neurological Therapy and Optimization of Medical Care in Stroke Patients (PHANTOM-S) study compared the MSU, or STEMO, to conventional care [23] . Study weeks were designated to STEMO service or routine care (control) [24] . The PHANTOM-S study concluded that using ambulance-based thrombolysis decreased time to treatment without increasing adverse events; however, more research is necessary to assess MSU effects on patient clinical outcomes [24] . With promising results from Homburg and Berlin, the first MSU in the United States went live in Houston, TX in May 2014 [22] . The Cleveland Clinic followed suit, launching their MSU in July 2014 [25] . The third MSU in the United States was launched in Denver, CO in January 2016. Similar to the MSUs in Germany, these were not operational 24 h a day, 7 days a week. The Mercy Health MSU in Toledo, OH was launched later in January 2016 as the fourth MSU in the country; it remains the only 24/7 MSU in the world. Other additional MSU locations in the United States include Memphis, TN (July 2016), New York, NY (October 2016), Chicago, IL (January 2017), Trenton, NJ (January 2017), and Phoenix, AZ (June 2017) ( Fig. 2 ; Table 1 ). The number of MSUs worldwide continues to increase every year.
Implementation
Establishing a streamlined integration of MSUs into a conventional, prehospital EMS chain is vital. This requires cooperation from stakeholders in both the prehospital and in-hospital phase, including MSU staff, hospital administrators, EMS personnel, and the community. This multidisciplinary team is integral in seeking funding, purchasing, and building-out the physical MSU, as well as licensing, inspecting, equipping, insuring, and credentialing the vehicle before integrating it with local EMS [26] .
MSU staff and local EMS also require training to conduct their roles on the rig, as they have not been previously exposed to CT imaging or the administration of thrombolytics in the field. Follow-up training and feedback from the numerous teams that arrive at the scene to evaluate and treat a patient is needed to improve patient outcomes and develop accountability with a feedback system. Several MSUs were first launched with a pilot program period to test stakeholder roles and determine important research variables, including expected enrollment rate and patient demographics [21, 22, 24] . These test periods allowed new MSUs to identify potential problems, such as EMS integration or telemedicine connection, as well as areas of growth before resuming regular service.
Personnel
A functioning MSU requires substantial dedicated manpower. For example, the Houston MSU has required employment of a principal investigator, a program manager, and at least two vascular neurologists (VNs), in addition to the EMS personnel staffing the ambulance [22] . These include a critical care nurse, a CT technician, and an EMS provider or paramedic. A VN may also physically travel with the MSU or participate on scene using telemedicine technology. The BEST-MSU study in Houston is determining whether it is advantageous to have a VN on board instead of sole availability through telemedicine, as well the viability of cross-training MSU team members to complete multiple tasks, including cross-training a paramedic as a CT technician [26] . If possible, a future MSU team will include three individuals on board: a paramedic, an emergency medical technician, and a critical care nurse could carry out MSU tasks [26] . A complete list of on-board personnel for specific MSUs can be found in Table 1 .
MSUs generally rely on dispatchers from a standard emergency medical system response to identify and alert the MSU of potential strokes. If an EMS team arrives first, the patient will be administered a prehospital scale and the MSU will be mobilized in the appropriate clinical circumstances. Upon arrival, the MSU team assumes care of the patient for further assessment and management, with a decision made regarding triage and drop-off destination.
At the emergency site, the MSU team is responsible for obtaining a patient history, a neurological and laboratory examination, a CT scan (if appropriate), and an evaluation with the remote VN via telemedicine. If eligible, thrombolysis is given onsite. 
Technology and Equipment
The technology necessary to equip a MSU includes a CT scanner, a point-of-care laboratory system, and telemedicine capabilities for contact with hospital staff [20] . The point-ofcare laboratory system utilized in the Mercy Health MSU features the iStat machine. This is the standard system for point-of-care laboratories used in the emergency department and is licensed by Mercy Health-St. Vincent Medical Center. During a possible stroke case, a basic metabolic panel is completed. The panel includes serum sodium, potassium, chloride, ionized calcium, total CO 2 , glucose, blood urea nitrogen, creatinine, hematocrit, hemoglobin, and the anion gap. The Mercy Health MSU also has the ability to check prothrombin time/international normalized ratio using a CoaguChek machine, although this is usually only done on patients who are known to be on warfarin therapy.
The rising accuracy and reliability of telemedicine has made it an integral part of MSUs. For MSUs that do not have a VN or other specialized personnel on board, telemedicine can offer a way for real-time patient evaluation. Ebinger et al. [24] write that regions that lack enough neurologists may also use telemedicine as a way to provide expertise to the emergency physician or staff on board.
Economics and Billing
Establishing a MSU requires a large financial investment. Two available cost-effectiveness studies suggest that the financial expenditures incurred by MSUs are worthwhile in the long run [27, 28] . Time and economic benefits have been shown to justify specialized ambulances up to an average travel times of 18 min in metropolitan areas [29] . MSU programs have also sought ways of increasing cost-effectiveness in the build-out phase. Parker et al. [22] describe how the Houston MSU used an ambulance design already in use by Houston EMS to help lower startup costs. An emphasis on lowered costs will improve cost-benefit ratios when appealing for MSU coverage by healthcare payers.
In the United States healthcare system, Medicaid and Medicare cover ambulance and other emergency services according to guidelines that define emergent situations. For example, Medicare part B covers ambulance services to the nearest appropriate facility specifically when other modes of transportation could further endanger the patient [30] . Medicaid follows much of the same standards, but will also cover nonemergent rides with a doctor's note [31] . As it is imperative to provide patients with prompt evaluation and treatment in suspected stroke scenarios, MSUs can potentially be covered and reimbursed according to a similar model. If MSUs were covered according to a low-cost model, more patient costs could be covered.
Current Clinical Data and Outcomes
MSUs have been developed to close the gap in time from LKW to treatment. The current state of evidence for prehospital stroke care from a MSU is largely determined by related quality measures, such as time to treatment from symptom onset, emergency site, or hospital door. Less evidence concerning improved functional outcomes in patients treated by MSUs exists at the present time.
The results of the first MSU randomized trial showed that prehospital management achieved a median symptom onset to therapy decision time of 56 min and a median symptom onset to treatment time of 72 min without impaired safety [21] . The number of patients who received therapy within the "golden hour" from LKW also increased significantly from 4% (2 of 42 patients in the control group) to 57% (30 of 54 patients in the MSU group) [21] . The PHANTOM-S study, conducted in Berlin, showed that ambulance-based thrombolysis using a MSU resulted in decreased time to treatment and a ten-fold increase in the rate of "golden hour" thrombolysis versus conventional care [32] . The high rate of "golden hour" throm- 46 (46) 46 (46) 46 (46) 49 (46.7) 44.1-58.0%
Hx of hypertension, n ( bolysis with MSU implementation demonstrated in Germany has also been shown to be reproducible in prehospital settings outside of Germany as well [33] . Published MSU clinical outcomes and data can be found in Table 2 and a time metrics comparison in Figure 3 .
Discussion
Feasibility of Implementation
The funding and building of a MSU from first concept to implementation within 11 months in Houston attests to the feasibility of implementing MSUs around the world. Creative efforts taken to keep MSU costs down at startup, such as the implementation of ambulance designs already used by local EMS and collaboration with local stakeholders, can make project startup more feasible and affordable for all parties [10] . Further, the MSU team could also become smaller, and possibly more economically viable, through reducing personnel cost by crosstraining team members. In the future, a team could include three individuals on board: a paramedic, an emergency medical technician, and a critical care nurse; they could carry out patient care, conduct the CT scan, and interact with a remote VN via telemedicine [10] . Other areas of the United States healthcare system may require more attention to ease MSU implementation, including addressing the high cost of tPA [22] . There currently exists no Centers for Medicare & Medicaid Services billing code to reimburse the Houston MSU for the cost of recombinant tPA given in the prehospital environment.
Future Research
The benefits of a MSU extend beyond the treatment of ischemic strokes with tPA to include hemorrhagic strokes and other acute neurological emergencies. As MSUs become more widespread, more research is necessary to provide further cost-benefit analysis. Additionally, further studies are needed to assess whether improved treatment times result in more favorable patient outcomes [32] . Future research may also determine definitively whether a MSU can optimize the identification and diagnosis of large vessel occlusions with higher sensitivity and specificity, as well as post-tPA interventional management. 
